Despite their potential utility in clinical and research settings, the range of intra-and interindividual variations in size and location of cytoarchitectonically defined human primary auditory cortex (PAC) is largely unknown. This study demonstrates that gyral patterns and the size and location of PAC vary independently to a considerable degree. Thus, the cytoarchitectonic borders of PAC cannot be reliably inferred from macroscopic-MR visible-anatomy. Given the remarkable topographical variability of architectonic areal borders, standard brain mapping which is made solely on the basis of macroanatomic landmarks may lead to structural-functional mismatch. Consequently, interpretations of individual auditory activity patterns might often be inaccurate. In view of the anatomic discrepancies, we generated probability maps of PAC in which the degree of intersubject overlap in each stereotaxic position was quantified. These maps show that the location of PAC in Talairach space differs considerably between hemispheres and individuals. In contrast to earlier cytoarchitectonic work which is based in most cases on studies of single brains, our systematic approach provides extensive microanatomic data as a reference system for studies of human auditory function.
INTRODUCTION
Topography and size of human primary auditory cortex (PAC) vary between the classical cytoarchitectonic parcellations as well as between individual brains (Brodmann, 1909; von Economo and Koskinas, 1925; von Economo and Horn, 1930; Braak, 1980; Galaburda and Sanides, 1980; Rademacher et al., 1993; Rivier and Clarke, 1997; Clarke and Rivier, 1998) . It is not known to which degree divergent measures of auditory functions reflect either anatomic variability or individual differences in cognitive processes. To date, knowledge about the precise degree of biological variability in shape, extent, and localization of borders has been quite limited, because time-consuming cytoarchitectonic analysis has typically been restricted to only a single or too few brains. The Brodmann map provides a schematic concept of temporal lobe architecture and of area 41, which represents PAC in mammalian brains (Brodmann, 1909) . Individual variations in the course of the major brain gyri and sulci have not been considered (Eberstaller, 1890; Cunningham, 1892; Ono et al., 1990) . Unfortunately, high-resolution MR imaging does not allow in vivo detection of the cytoarchitectonic features of PAC.
The authors of the classical anatomical brain maps assume a lack of variability in the entire population, including interhemispheric symmetry and interindividual equality. However, today we are aware of the fact that there can be considerable anatomic variability in the position, size, and shape of cortical structures. The gyral pattern especially of the superior temporal region which contains the auditory cortex is highly variable. Up to five transverse gyri (Campain and Minckler, 1976) and marked interhemispheric asymmetries (Geschwind and Levitsky, 1968; Penhune et al., 1996; Pfeifer, 1920; von Economo and Horn, 1930) have been described. In an earlier cytoarchitectonic study by one of the authors, Brodmann area 41 was found to be larger on the left side in 6 of 10 brains (Rademacher et al., 1993) . Furthermore, the issue of how architectonic field borders relate to primary or secondary brain sulci is frequently neglected in both structural and functional neuroimaging studies of PAC. It has been hypothesized that the folding occurs at the border between two architectonically distinct cortical areas (Sanides, 1962) . Hence, the location of the transverse temporal sulci (Leonard et al., 1998) may mark the borders between specific architectonic areas.
The interest in mapping cerebral gyri and sulci stems from issues of functional localization. In vivo human cognitive neuroanatomy is based on the identification of the anatomical substrate of human behavioral variation (Rademacher et al., 1992) . In this context, planum temporale asymmetry has motivated many observers to study the auditory cortex, taking Heschl's gyrus (HG) and the planum as its macroanatomic markers. Duplications of HG are increased in families with learning disabilities (Leonard et al., 1993) and planum temporale patterns are related to handedness, absolute pitch, and musical ability (Witelson and Kigar, 1988; Steinmetz et al., 1991; . Thus, the sizes of HG and the planum temporale have been interpreted as indicators of the efficiency and complexity of auditory and language processing. Although it has become conventional to refer to HG as the site of PAC and to the planum temporale as the site of auditory association cortex, one may challenge the concept of tight associations between micro-and macroanatomic parcellations. The finding of striking variations in the sulcal landmarks of HG has demonstrated that anatomic variability poses serious obstacles to the attempt to map behavioral function onto the brain (Leonard et al., 1998) .
Given the lack of information on architectonic variability, most observers using functional imaging of auditory processing (Romani et al., 1982; Lauter et al., 1985; Pantev et al., 1988 Pantev et al., , 1990 Liegeois-Chauvel et al., 1991) relate their findings to a standardized coordinate system (Talairach and Tournoux, 1988) or to gross morphological landmarks such as HG (Penhune et al., 1996) . However, variability of temporal lobe anatomy may represent important pitfalls to these approaches (Steinmetz et al., 1990a; Rademacher et al., 1993) , and discrepancies between functional maps may be related to the variability in size and geometry of the temporal cortex. These limitations may explain in part why there is still a debate about the localization and asymmetries of human auditory responses (Hashimoto et al., 1995; Ohtomo et al., 1998; Zouridakis et al., 1998) . Clarification requires an overlay of cytoarchitectonic areas with functionally defined areas in a common reference system. The problem of individual variability adds a distortion correction requirement that can be implemented by the use of a three-dimensional (3-D) probabilistic mapping strategy which is based on an anatomical atlas system (Roland et al., 1994; Mazziotta et al., 1995; Zilles et al., 1995) . Its usefulness has been demonstrated recently for the motor (Geyer et al., 1996) , somatosensory , and visual cortex (Amunts et al., 2000) as well as for Broca's area . These studies described individual volume differences of distinct cytoarchitectonic areas of up to a factor of 10 across subjects.
In analogy, if we wish to estimate the probability of auditory response generation at a certain point in PAC, we have to know not only the local status of neuronal response characteristics, but also the relationship between them and the spatial extent of PAC. Similarily, if we wish to facilitate the development of a sound basis for in vivo cognitive neuroanatomy, we need to know more about the homologies of MR visible macroanatomic markers across individual hemispheres and brains. For the auditory cortex, improved mapping strategies and more architectonic data are needed to accommodate for structural variability. In our companion article (P. Morosan et al.) , we describe the application of a recently developed cytoarchitectonic mapping technique which is based on quantitative gray level index (GLI) measures and an in vivo 3-D reference brain. PAC (i.e., Te1) has been found to consist of three cytoarchitectonic areas (Te1.1, Te1.0, Te1.2) along the mediolateral axis of Brodmann area 41. For the present cytoarchitectonic study, which is the largest ever performed on the auditory cortex, we analyzed the precise topographical patterns of area Te1 (i.e., total PAC) in 27 human postmortem brains. The goals of the present study were (i) the description of the range/ variability of anatomical phenotypes regarding the shape, size, and extent of area Te1 bilaterally; (ii) the analysis of the relationship between sulcal landmarks and architectonic borders; and (iii) the 3-D reconstruction and mapping of area Te1 to a standard brain in order to compare our data with the results of previous anatomical or functional studies.
MATERIALS AND METHODS

Subjects
Twenty-seven adult human postmortem brains were obtained from the body donor program of the Anatomical Institute of the University of Dü sseldorf in accordance with the legal requirements. None of the subjects had a history of neurological or psychiatric disease. The subjects consisted of 14 females and 13 males ages 37 to 85 years. None of the brains was included in a previous study which was performed by one of the authors (Rademacher et al., 1993) . Handedness of the subjects was unknown, but it can be assumed that-similar to the incidence of the general population-approximately 90% of our cases will have been right-handed (Gilbert and Wysocki, 1992) .
Identification of Major Landmarks
A reliable definition of the primary gyri and sulci (frequency 100%; Ono et al., 1990) on the superior temporal plane is mandatory for brain mapping studies of human auditory cortex. Figure 1 shows the macroanatomic topography. In the depth of the Sylvian fissure, HG is the rostralmost transverse gyrus and can be identified by its prominent size and characteristic shape (Steinmetz et al., 1989) . Its oblique course extends from the retroinsular region medially to the rim of the first temporal gyrus laterally. Heschl's sulcus is located between HG anteriorly and the planum temporale posteriorly. Additional transverse gyri may cover the planum temporale (Fig. 1, right hemisphere) . The first transverse sulcus is located between the planum polare anteriorly and HG posteriorly. Additional transverse gyri on the planum polare have not been described. The intermediate transverse sulcus, present in up to 50% of hemispheres (Leonard et al., 1998) , indents HG along its long axis and subdivides itcompletely or incompletely-into anterior and posterior portions termed "duplications" (Penhune et al., 1996) . The topographical variations of gyri and sulci and the total number of transverse gyri on the superior temporal surface in each hemisphere were determined.
MR Imaging and Histological Processing of Postmortem Brains
All 27 postmortem brains were fixed in 4% formalin or in Bodian's solution with a postmortem delay between 8 and 24 h. Ten of 27 brains were studied with MR imaging prior to histological processing as described in the companion article (P. Morosan et al.) . In brief, the immersion-fixed brains were scanned (Siemens Magnetom 1.5 T) in a water-filled vacuum globe in order to reduce image distortions by trapped air bubbles. The applied 3-D FLASH fast gradient echo sequence had a resulting voxel size of 1 ϫ 1 ϫ 1.17 mm, which provided sufficient resolution for 3-D computer reconstructions. All brains were dehydrated in graded series of alcohol, embedded in paraffin, and serially sectioned (20-m-thick sections). Every 15th section was silver stained for cell bodies (Merker, 1983) and every 60th section was used for quantitative volumetric analysis and 3-D reconstruction of area Te1. Ten brains were analyzed in whole brain coronal serial sections and 17 brains were analyzed in blocks cut perpendicular to the main axis of HG thereby avoiding cutting artifacts caused by oblique sections.
Cytoarchitectonic Analysis
The cytoarchitecture of every 60th section of the paraffin-embedded brains was analyzed under low magnification through a stereomicroscope guided by the criteria neuronal packing density, cell size, arrangement, and staining intensity as described in the companion article (P. Morosan et al.) . Area Te1 (i.e., Brodmann area 41) was recognized in all 54 hemispheres by its general parvocellularity, the high packing density of neurons, and the prominent width of layer IV (Rademacher et al., 1993) . It represents the auditory koniocortex including areas Te1.2, Te1.0, and Te1.1, surrounded by less granular auditory parakoniocortex (Galaburda and Sanides, 1980) . The borders and surface extent of area Te1 were mapped to the glass-covered sections onto their individual sulcal patterns in all 54 hemispheres. These borders were validated in 20 hemispheres by automated GLI measurements as described in the companion article (P. Morosan et al.) and, more extensively, by . The observer-independent areal borders of area Te1, defined by significant changes in the shape of the GLI curves, were in good agreement with the areal borders as defined by visual inspection and standard cytoarchitectonic analysis. This finding was taken as a proof of the reliability of the classical approach for PAC border definition by visual inspection. We have analyzed total PAC-and not its subparcellations-in order to provide data that can be related to previous structural and functional studies. Further parcellation of PAC has led to a variety of maps by different authors in which homologies of putative architectonic areas are difficult to ascertain (von Economo and Koskinas, 1925; von Economo and Horn, 1930; Hopf, 1954; Braak, 1980; Galaburda and Sanides, 1980; Rivier and Clarke, 1997; Clarke and Rivier, 1998) .
Mapping Strategies
Individual Maps of Area Te1
Since gyral and sulcal landmarks are reliably visualized with in vivo MR imaging, it is relevant to studies of brain-behavior relationships to relate architectonic findings to macroanatomic landmarks. In this context, individual cytoarchitectonic maps represent the stan-
FIG. 1.
Anatomic definition of Heschl's gyrus (HG). The exposed surface of the superior temporal plane shows the oblique course of HG bilaterally (view from above; anterior is at the top). HG is located between the planum polare (PP) and the planum temporale (PT). As shown for the left hemisphere, the anteromedial border of HG is defined by the first transverse sulcus (FTS) and its posterior border is defined by Heschl's sulcus (HS). On the left side the reconstructed map of cytoarchitectonic area Te1 is visualized (hatching occupying HG). In our example, the right-sided superior temporal plane shows two transverse gyri. This indicates that the definition of HG by macroanatomic criteria alone may remain equivocal. dard approach to visualize microanatomic parcellation (von Economo and Horn, 1930; Braak, 1980; Galaburda and Sanides, 1980; Rademacher et al., 1993; Rivier and Clarke, 1997; Clarke and Rivier, 1998) . In the present study, the location of area Te1 in each hemisphere of the total series of 54 hemispheres was mapped to surface and coronal views of the respective individual supratemporal plane. The surface views were based on photographs of the intact and exposed supratemporal plane after section of the frontoparietal operculum. The visible sulcal landmarks were used for a proportional mapping of cytoarchitectonic area Te1 onto the transverse gyri. Slice thickness, distance from slice to slice, and linear shrinkage factors were used as parameters for creating a proportional enlargement of the shrunken area onto the photograph of the normal-sized brain. We refrained from providing a metric for the maps, because the classic 2-D line drawings of 3-D surface topography cannot be a true representation of the real distances.
Probabilistic Maps of Area Te1
In 20 hemispheres of the series, area Te1 was mapped to a computerized brain atlas, which is represented by an in vivo-acquired 3-D MR data set of an individual brain. The procedure has already been described in detail elsewhere (Roland et al., 1994; Zilles et al., 1995; Amunts et al., 1999 Amunts et al., , 2000 Geyer et al., 1999) . Mapping of the labeled volumes of area Te1 onto the reference brain results in a 3-D map of the probability that area Te1 will be found at a given voxel location in stereotaxic space. For this purpose, all coronal histological sections of each brain were digitized (KS400, Zeiss), then matched to the corresponding 3-D MR volume, and ultimately warped to the computerized reference brain by means of an affine matching procedure (i.e., rotation, translation, scaling) (Schormann et al., 1997; Schormann and Zilles, 1998) . Hence, area Te1 maintained its individual shape, and interhemispheric topographical asymmetries could be analyzed. Consecutively, we generated an atlas-based 3-D probability map representing location and extent of area Te1 in 10 left and 10 right hemispheres. Probabilistic contour maps can then be used to localize a region of interest within PAC for a given range of probability.
Talairach Atlas
The spatially normalized brains-and area Te1-were transferred to the Talairach space (Talairach and Tournoux, 1988 ) by a simple coordinate transformation in order to relate our cytoarchitectonic findings to this normative stereotaxic database and to earlier studies of structure and function in the human auditory cortex. The extent of area Te1 in the sagittal, coronal, and horizontal planes was calculated in Talairach coordinates. In Talairach space, the x axis defines the mediolateral direction, with negative values indicating the left hemisphere. The y axis defines the anterior-posterior direction, with positive values anterior to the orthogonal plane through the anterior commissure and negative values posterior to this landmark. The z axis is defined by the horizontal plane which passes through anterior and posterior commissures (AC-PC line), with positive values superior to it and negative values inferior to it. The bounding box for area Te1 (i.e., maximal extent in the three standard Talairach planes (Penhune et al., 1996) ) was measured in each brain and averaged across 10 brains. The results were compared to those of other brain mapping studies. Interhemispheric comparisons for minimum and maximum x, y, and z values of Te1 were performed as well using paired t tests for dependent samples (Bonferroni corrected).
Measurements of Area Te1 and HG
On every 60th histological section the extent of area Te1 and HG (mm 2 ) was measured separately for each hemisphere with an electronic planimeter. The individual volumes of area Te1 and HG (mm 3 ) were calculated by adding the single slice measurements multiplied by slice thickness and distance. The borders of HG used were: (i) the depth of the first transverse sulcus anteromedially, (ii) the depth of Heschl's sulcus posteriorly, and (iii) the lateral hemispheric margin laterally (Rademacher et al., 1992) . The intermediate sulcus was not taken as a border because of its inconsistency (Ono et al., 1990; Leonard et al., 1998) . When two or more transverse gyri originated separately from the retroinsular region, only the most anterior gyrus was taken as HG, regardless of side (Steinmetz et al., 1989) . In order to correct our measurements for individual brain shrinkage during histological processing, we calculated a mean shrinkage factor from 10 brains [shrinkage factor (sf) ϭ histological brain volume/fresh brain volume; mean sf ϭ 0.496]. Volumetric data which represent the true in vivo size of HG and PAC were then generated from the histological measures according to the formula: fresh volume ϭ histological volume x 1/shrinkage factor. For a better understanding of the relative size of PAC, we also calculated proportional dimensionless values (PAC/HG) from the data. Interhemispheric asymmetry of area Te1 (and HG) was defined as any side difference which is larger than 10% and its degree was determined as the coefficient
, which corrects for total (R, right and L, left) Te1 size (V, volume) (Galaburda et al., 1987; Rademacher et al., 1993) . Negative values of ␦Te1 indicate leftward asymmetries and positive values indicate rightward asymmetries. The volumes of area Te1 and HG were compared between hemispheres and sexes (two-way ANOVA with repeated-measurements design; ␣ Ͻ 0.05). Mean vol-umes of both regions of interest were calculated by averaging individual volumes. For the analysis of the association between HG volumes and Te1 volumes, Pearson correlation coefficients were calculated. Leftright comparisons of volumes were performed by a paired (left vs right hemisphere) t test (␣ Ͻ 0.05).
RESULTS
Gyral and Sulcal Variations
Variations in the number of transverse gyri included a single transverse gyrus in 38 of 54 hemispheres (70%), two transverse gyri in 13 of 54 hemispheres (24%), and three transverse gyri in 3 of 54 hemispheres (6%). The first transverse sulcus and Heschl's sulcus were found in all hemispheres. An intermediate transverse sulcus was present in 22 of 54 hemispheres (41%). There were no significant side differences in the number of gyri or sulci. Examples of geometric variations of gyri and sulci are depicted in Figs. 2 and 3.
Mapping Strategies
Individual Maps of Area Te1
Cytoarchitectonic criteria, established for the preceding companion study of 20 hemispheres, also proved valid for the whole series of 54 hemispheres. In each case, the largest portion of area Te1 was localized on HG. At the medial (retroinsular) origin of HG, a narrow strip of cortex contained hypocellular prokoniocortex with dominating infragranular layers. Laterally and on the adjacent superior temporal plane, belt areas of auditory association cortices could be distinguished (Galaburda and Sanides, 1980) . Individual cytoarchitectonic maps showing the surface topography of area Te1 bilaterally are depicted in Fig. 2 (dorsal view; n ϭ 8) and Fig. 3 (coronal sections; n ϭ 6). In our series, area Te1 does not extend to the lateral brain convexity but portions of area Te1 may reach the planum polare or planum temporale to varying degrees. There are no sulcal landmarks for the medial (prokoniocortex) and lateral (association cortex) borders of area Te1. The lateral flattening of HG is not a reliable macroanatomic sign to detect the field boundary. Anteriorly, the first temporal transverse sulcus represents only an approximate landmark for the border of area Te1 which does not coincide with this sulcus along its total mediolateral extent (Figs. 2 and 3) . Similarily, Heschl's sulcus may be taken as the approximate posterior border of area Te1, but here again the overlap is far from perfect. In addition, there is great variability among the inconsistent secondary sulci. The intermediate transverse sulcus, present in less than half of our sample, represents an approximate posterior border of area Te1 in 14 hemispheres (64%) (for example, Fig. 2A ) while it does not do so in 8 hemispheres (36%) (for example, Fig. 2B ). Smaller tertiary sulci complicate the cortical surface patterns and do not follow consistent patterns. For variations in shape, see for example the curved pattern of area Te1 in Fig. 2C (right side) and the unusual topography of HG and area Te1 in Fig. 2F . The representations of area Te1 in the coronal plane provide further details about the relationship between the course of the sulci and the localization of areal borders (Fig. 3) . The cytoarchitectonic borders may be located in a sulcal fundus or they may be found on one or the other wall of two neighboring gyri. In general, right-sided area Te1 does not appear to be the mirror image of (contralateral) left-sided area Te1.
Probabilistic Maps of Area Te1
Figure 4 presents color-coded maps of area Te1 for the regions of identical probability in standardized space from 10% (dark blue) to 100% (dark red) in steps of 10%. Three standard planes are depicted (coronal, axial, and sagittal planes) with cross-reference marks superimposed to visualize the principle and utility of multiple (orthogonal) views in the computerized 3-D reference system. The axial plane shows that the location of area Te1 on the right side is shifted anteriorly, While the topography of area Te1 varies, the overall variability does not differ markedly between the hemispheres. In Fig. 5 , the probability maps for 10 horizontal slices are overlaid on a grid in standardized space at 2-mm intervals. These maps can be used as an atlas to localize area Te1 for a given range of probability. For example, a significant focus of activation in a patient with acoustic hallucinations was observed in the left hemisphere at x ϭ 47, y ϭ Ϫ15, and z ϭ 12 (Dierks et al., 1999) ; it would be found in the z ϭ 12 map of area Te1 within the 60% probability range.
In the present study, significant side differences were observed for the location of area Te1 in the sagittal and coronal planes (Table 1 ). Compared to the left side, right-sided area Te1 is shifted more than 5 mm laterally. In the coronal plane, the right-sided rostral and caudal borders of area Te1 are shifted ϳ7 mm anteriorly. The centroids of area Te1 (n ϭ 10 brains) show the largest side differences in the coronal plane (left side, x ϭ Ϫ42, y ϭ Ϫ21, z ϭ ϩ7; right side, x ϭ ϩ46, y ϭ Ϫ13, z ϭ ϩ8). Maximum individual asymmetries (i.e., the maximum difference between any pair of hemispheres) ranged from 9 mm in the sagittal and axial planes to 13 mm in the coronal plane.
Talairach Atlas
Linear scaling and transformation of area Te1 to the standard brain permits direct comparison of our architectonic data with the Talairach atlas and the results from other studies. The maximal areal extent in stereotaxic space was outlined separately for both sides by defining the bounding box which contains the total volume of area Te1 from 10 brains. The resulting x, y, and z coordinates define the maximal topographic variability of area Te1. The average location of PAC as defined by cytoarchitectonic area Te1 differs in all dimensions from the location of PAC as defined in the Talairach atlas (Table 1 ). In the x dimension, the lateral border is shifted medially by ϳ4 mm (right side) to ϳ10 mm (left side). The medial border is shifted laterally by ϳ3 mm on the right side and medially by ϳ2 mm on the left side. The anterior border (y dimension) of the right PAC, which was assumed to be the mirror equivalent of the left PAC by Talairach and Tournoux (1988) , is shifted rostrally by ϳ7 mm. Also the posterior border is shifted rostrally, by ϳ11 mm on the right and ϳ4 mm on the left side. In the axial plane (z dimension), the inferior borders are shifted ventrally by ϳ4 mm (right side) to ϳ6 mm (left side). The maximum differences between the stereotaxic coordinates of area Te1 in individual hemispheres and HG in the Talairach atlas (i.e., the highest degree of mismatch) were 16 mm in the sagittal plane, 18 mm in the coronal plane, and 14 mm in the axial plane. To facilitate comparison, we used the same Talairach coordinates for PAC as did previous authors (Penhune et al., 1996) . It is important to note, however, that the Talairach atlas provides only crude information about the extent of Brodmann area 41 and that the extent of HG as visualized in the atlas is smaller (x ϭ 29 to 55, y ϭ Ϫ16 to Ϫ35, z ϭ 8 to 16) than assumed by Penhune and co-workers.
The average location of PAC as defined by cytoarchitectonic area Te1 also differs from the average location of PAC as defined by HG in the study of Penhune et al. (1996) (Table 1 ). For precision, we used only the highresolution data from that study. The largest difference was found for the lateral borders of PAC. It is shifted medially by ϳ10 mm on the left side and ϳ6 mm on the right side. The medial border is shifted medially by ϳ2 (right) to ϳ5 mm (left). The anterior border of PAC is shifted rostrally by ϳ1 (left) to ϳ3 mm (right) and the posterior border is shifted caudally by ϳ2 mm (left side only). In the axial plane, there is an ϳ3-mm ventral shift of superior and inferior borders on the left side only. The maximum differences between the stereo- taxic coordinates of area Te1 in individual hemispheres and the spatial location of HG in the study of Penhune et al. (1996) are ϳ15 mm in the sagittal plane, ϳ10 mm in the coronal plane, and ϳ11 mm in the axial plane. In these cases, area Te1 was located more medially, more rostrally, and more ventrally than HG. Table 2 shows the individual volumes, means, and standard deviations of left (n ϭ 27) and right (n ϭ 27) areas Te1 and HG. The respective volumes vary within a wide range both interhemispherically and interindi- vidually. Analysis of variance for repeated measures (regions: area Te1, HG) showed a significant effect of region (F(1,25) ϭ 76.2; P Ͻ 0.0001) that was unrelated to the sex of the subject (F(1,25 ) ϭ 0.25; P Ͼ 0.5). In each hemisphere, the individual volumes of HG were larger than the ipsilateral volumes of area Te1 (Table  2 ). The relative size of area Te1, expressed as a proportion of the total individual volume of ipsilateral HG, ranges from 16 to 92% (mean, 54%). On the left side it varies between 16 and 92% (mean Ϯ SD; 54 Ϯ 20%) and on the right side it varies between 20 and 83% (mean Ϯ SD, 54 Ϯ 18%). The volume of area Te1 does not correlate with the volume of HG. The asymmetry indices ␦Te1 and ␦HG were calculated for each subject and the results are summarized in Table 2 . Leftward asymmetries result in negative values, rightward asymmetries result in positive values. The individual asymmetry measures show no clear pattern. A leftward asymmetry of area Te1 is present in 12 of 27 brains (44%), while a rightward asymmetry is present in 7 of 27 brains (26%). Eight brains (30%) are symmetric for the size of area Te1. Side differences of area Te1 and HG were not statistically significant.
Measurements of Area Te1 and HG
DISCUSSION
The cytoarchitecture of human PAC has been studied since the beginning of the past century (Brodmann, 1909; von Economo and Koskinas, 1925; von Economo and Horn, 1930) . Advances in functional imaging of auditory processing have promoted intensive microanatomic research in the past decade (Rademacher et al., 1993; Rivier and Clarke, 1997; Clarke and Rivier, 1998) . While modern imaging techniques have further increased our understanding of the functional organization of auditory cortex, they also set new standards for precise and reliable anatomical maps as a prerequisite for the topographical interpretation of activation clusters. Visualization is an essential element in data analysis to answer the question whether a distinct auditory activation is located within a specific architectonic area. Appropriate methods of presentation should convey information about the correlation between MR visible landmarks and architectonic borders as well as information about the characteristic spatial extent of an architectonic area in the population. Our results show how the first objective can be achieved by individual landmark-based anatomical maps (Figs. 2  and 3 ) while the second objective requires mapping of the individual data to a spatial reference system (Figs.  4 and 5) . The use of quantitative volumetric techniques complements our approach (Tables 1 and 2) .
It is well known that Brodmann area 41 is located in the depth of the Sylvian fissure, but its extent on HG and the neighboring transverse gyri varies between hemispheres and brains (Rademacher et al., 1993) .
Such variation may depend on the architectonic method used to define PAC. Compared to the pigmentarchitectonically defined granular core area that is reported exclusively on the medial half of HG (Braak, 1978) , cytoarchitectonically defined PAC extends more laterally and covers about two-thirds of HG (von Economo and Koskinas, 1925) . We applied established and novel quantitative brain mapping strategies to the cytoarchitectonic analysis of human PAC. Our results demonstrate that there is considerable intra-and interindividual variability in the localization and extent of human PAC. The location of area Te1 can be defined by MR visible anatomic landmarks, but with striking differences in the degree of confidence regarding its borders. Area Te1 always covers portions of HG and is surrounded by belt areas of prokoniocortex or auditory association cortex (Galaburda and Sanides, 1980; Rademacher et al., 1993) . However, there is no consistent and reliable association between gyri and sulci and cytoarchitectonic borders. The precise location and absolute size of area Te1 cannot be reliably inferred from the macroanatomic landmarks. HG may serve only as a structural marker of the location of PAC. Especially the mediolateral and anteroposterior extent of area Te1 do not covary with macroanatomy. A similar lack of a precise correspondence between gyral and sulcal landmarks and a distinct cytoarchitectonic area has been reported for the medial occipital lobe and Brodmann area 17, i.e., primary visual cortex (Amunts et al., 2000) . It was concluded that it is not possible to make valid predictions about the location of cytoarchitectonic areas and especially their borders, based on the macroscopic surface anatomy alone. We suggest that sufficient insight into the range of topographical variations depends on the (complementary) description of individual cytoarchitectonic phenotypes and of population-based probability maps. Both methods have limitations. Caution has to be urged when gyral variations are taken as MR visible indicators of individual variation in physiology and behavior. However, anatomic variation as depicted in the probability maps may reflect in part inadequacies of the transformation procedure to compensate for all types of individual variation that arise. Given that exact and precise measurements of architectonic parcellation cannot be made in living subjects, we provide information about just how much imprecision is involved when either macroanatomy or classical brain templates are used as a surrogate for cytoarchitecture.
Description of the macroanatomic landmarks is further complicated by the irregular geometry of the temporal transverse gyri which were first studied systematically by Heschl (1878) . In vivo MR studies report striking intra-and interindividual gyral and sulcal variations which may confound the analysis of structural and functional relationships (Penhune et al., 1996; Leonard et al., 1998) . Our postmortem data con-firm these observations and do not support the hypothesis that a standard anatomical pattern exists for the superior temporal plane with one transverse gyrus on the left side and two transverse gyri on the right side (Pfeifer, 1920) . We identified a single transverse gyrus in more than 80% of the hemispheres and did not find consistent asymmetries. Consequently, the definition of a "standard" asymmetric pattern does not seem to be a useful anatomic convention to study how auditory function maps onto the cerebral cortex.
Von Economo and Horn (1930) were the first to study the association between microanatomically defined PAC and the transverse gyri. In our present series, variability of area Te1 was considerably higher than expected from earlier studies (Rademacher et al., 1993) . Individual cytoarchitectonic maps representing the standard mapping approach of cytoarchitectonic studies (von Economo and Horn, 1930; Stensaas et al., 1974; Galaburda et al., 1978; Galaburda and Sanides, 1980; Rademacher et al., 1993; Rajkowska and Goldman-Rakic, 1995) show striking interindividual and interhemispheric differences in the topography of area Te1 (Figs. 2 and 3) . Area Te1 comprises between 16 and 92% of the cortical volume of HG (Table 2) with no significant correlation between the respective volumes of HG and area Te1. Thus, the extent of area Te1 is grossly overestimated by any approach that interprets HG as the structural equivalent of PAC. When the volume of HG is taken as equal to the size of area Te1, an error of more than 100% is introduced in 22 of 54 (41%) hemispheres (calculated from Table 2 ). This finding needs to be kept in mind when inferences about the size of PAC are made on the basis of HG volumetry (Penhune et al., 1996) .
That a priori information about the microanatomic topography is mandatory has recently been shown for the neuromagnetic approach (Lü tkenhöner and Steinsträ ter, 1998). On one hand, evidence was given that it is possible to register location differences below 1 mm. On the other hand, the application of different analysis strategies gave rise to a "fogging" effect on the order of several millimeters. Comparable uncertainty about the true relationship between structure and function in the auditory system may arise when frequency-related activation is dichotomized along the medial vs lateral half of HG (Strainer et al., 1997) . For example, interpretation of bilateral functional data from brains 2B and 2E (Fig. 2) would have been confounded by the striking asymmetries-in opposed directions-of area Te1 in the mediolateral direction. It is evident that anatomic variations of HG like in brain 2F (Fig. 2) make it impossible to infer the extent of area Te1 from the gyral pattern. However, even the presence of an easily identifiable single HG allows for considerable variations in the topography of area Te1. Only with a large enough atlas-based database could one predict the probability of these patterns and the risk of misalignment in matching procedures.
While individual cytoarchitectonic maps do not provide the parametric data for 3-D mapping procedures with data sets from the same or other modalities, they are advantageous in that they visualize the range of individual variations of micro-and macroanatomy. In contrast, averaged maps suffer from a "blurring" effect in this regard and show only the gyral and sulcal topography of the atlas brain (see Figs. 4 and 5) .
Landmark-based anatomic interpretation of auditory activation is valid in those particular cases in which area Te1 coincides with HG. In the majority of brains, however, this can be expected to be considerably inaccurate. The zone of maximal overlap (Figs. 4 and 5; dark red, 100%) is small in all planes, indicating high variability. In our brain mapping study, linear alignment of postmortem hemispheres and area Te1 to the standard reference brain reduced interindividual variations in location and extent of area Te1 by reducing the variability in size and spatial position of the brain (Schormann et al., 1997; Schormann and Zilles, 1998) . Probabilistic maps have been generated (Figs. 4 and 5) and can be used to localize a region of interest within PAC for a given range of probability. We have shown that this atlas tool permits one to identify retrospectively significant primary auditory activation foci from functional studies within a distinct probability range of area Te1. The probability maps also show that we have to expect considerable variations in the auditory region. The generation of 3-D stereotaxic data sets has permitted us to integrate individual brains and cytoarchitectonic areas into the Talairach coordinate system. Collecting such data for the auditory cortex may be clinically useful for the planning of surgery in patients with intractable temporal lobe epilepsy. The definition of secure borders for anterior temporal lobectomies may be facilitated by the complementary use of probability maps including cytoarchitectonic data.
How closely did the probability map for area Te1 match the location of PAC as identified by the localization of HG in the stereotaxic reference frame of the Talairach atlas? The average location of area Te1 in the present study differs in all dimensions from the location of PAC as defined by HG in previous studies (Penhune et al., 1996; Talairach and Tournoux, 1988) . The most striking differences were observed in the mediolateral and anterior-posterior directions. The lateral border of area Te1 is bilaterally located more medially. Right-sided area Te1, which was assumed to be the mirror equivalent of the left-sided area Te1 by Talairach and Tournoux (1988) , is located more rostrally. In the axial plane, there were rather small shifts of the superior and inferior borders. The highest degree of mismatch between the stereotaxic coordinates of area Te1 in individual hemispheres and HG in the Talairach atlas ranged from 14 mm in the axial plane to 18 mm in the coronal plane. This is not surprising, since the location of macroanatomically defined HG in a single hemisphere (Talairach atlas) cannot sufficiently represent the range of intersubject and interhemispheric variability in the population. Topographical uncertainty on the order of centimeters is relevant, because functional studies have indicated that distinct auditory foci may be located only a few millimeters apart. For example, the auditory peak N1m arises from a source located about 5 mm posterior to the middlelatency peak Pam (Pantev et al., 1995) .
In contrast to the large number of reports on macroanatomic (Geschwind and Levitsky, 1968; Witelson and Pallie, 1973; Wada et al., 1975; Galaburda et al., 1987; Steinmetz et al., 1989 Steinmetz et al., , 1990b Ide et al., 1996) and architectonic (von Economo and Horn, 1930; Braak, 1978; Galaburda et al., 1978; Witelson et al., 1995) asymmetries in the size of auditory association cortex, such asymmetries have only rarely been studied in PAC (von Economo and Horn, 1930; Rademacher et al., 1993; Penhune et al., 1996; Leonard et al., 1998) . In the present study, interhemispheric differences were observed for the location of area Te1 in all dimensions (Table 1) . Compared to the left side, right-sided area Te1 is shifted more anterolaterally. Maximum individual asymmetries (i.e., the maximum difference between any pair of hemispheres) of more than 1 cm reflect a topographical asymmetry of the living human brain, because putative methodological factors which may introduce anatomical deformation are generally not expected to influence left-right differences.
Left-right differences in the position of area Te1 imply that there are interhemispheric differences in the location of cortical neurons related to the same auditory process. This asymmetry is relevant for the anatomical interpretation of functional activation in imaging studies. Thus, a task-dependent interhemispheric asymmetry in the center of activation does not necessarily mean that there is a functional lateralization for a given computation involving PAC on one side and association cortex contralaterally. By the same token, identical activation foci may well have their origin from different anatomic modules. Consequently, incongruencies in task-dependent spatial activation patterns may either result from differences in the functional strategy by activating specific but divergent anatomic modules or result from a variant in the bilateral topographical orientation. In a recent functional MR study, there was a lack of cortical activation to a pure tone task in half of the subjects (Strainer et al., 1997) . In his commentary, Zatorre (1997) discussed the possibility of differential cognitive processes as a basis for this variability and urged investigators to be cautious in interpreting response differences, unless normative information is available for all task parameters. Given that area Te1 and functionally defined primary auditory foci show similar standard deviations for spatial variability (Dierks et al., 1999) , we suggest that it is equally important to control for both functional stimulation parameters and variations in architectonic topography.
Recent MR volume measurements of macroanatomically defined PAC (i.e., combined volumes of HG gray and white matter) revealed significant left Ͼ right asymmetries (Penhune et al., 1996) . However, segmentation of the volumes in cortical gray and white matter revealed that these asymmetries related only to the white and not the gray matter. In the same study, Penhune et al. interpreted their finding of a leftward asymmetry of the white matter beneath HG as a side difference in the volume of cortical fibers that carry information to and from PAC. They suggested that this asymmetry may reflect greater left-sided myelination which could allow faster conduction of nerve impulses and that it may be related to asymmetry of the planum temporale. On the basis of the present architectonic study, we would hesitate to support these speculations because up to 84% of HG are occupied by non-PAC areas (calculated from Table 2 ). The individual patterns reflect varying proportions of connections to and from primary as well as secondary auditory cortices. Assuming a proportional fiber distribution, one may speculate from our data that-as an average-approximately half of the fiber tracts connect to area Te1. Appropriately designed microanatomic analysis of the auditory radiation may help to define less arbitrary markers of a functionally relevant white matter anatomy. The feasibility of a complementary characterization and spatial mapping of fiber tracts has recently been demonstrated for the human optic radiation .
Our volume measurements of cytoarchitectonically defined PAC demonstrate that there are no significant asymmetries in the size of area Te1. Nevertheless, with a varying degree and direction of asymmetry, more than twofold volume differences may occur between the hemispheres of individual brains. Interhemispheric differences in the number of transverse gyri were not associated with systematic side differences of area Te1. The impressive degree of interhemispheric and interindividual variability makes interpretation of quantitative results from smaller studies difficult. The variability in the volume of area Te1 as estimated by the proportion of the 50% volume (i.e., 50% overlap in the probability map) in relation to the mean volumes (27 brains) is higher than that for Brodmann area 17 (area Te1, ϳ60% vs area 17, ϳ70%; lower values indicate higher variability) in a recent cytoarchitectonic study from our laboratory (Amunts et al., 2000) . The variability of area 17 is considerably lower than the variability for Brodmann area 18 (ϳ40%) in the same study. It may be speculated that the degree of structural variability follows a hierarchical pattern with primary cortical regions having smaller variations than the association cortices.
Beyond the macroscopic view, quantitative measures for area Te1 may also help to discuss models of auditory function. Much of our knowledge about the functional organization of the human auditory cortex comes from magnetic source imaging (Romani et al., 1982; Hari, 1990; Hashimoto et al., 1995; Lü tkenhöner and Steinsträ ter, 1998; Ohtomo et al., 1998; Pantev et al., 1998; Salmelin et al., 1998 Salmelin et al., , 1999 . Mapping of the sources of the auditory-evoked magnetic fields to the anatomy of the superior temporal plane is of tremendous importance to these studies of brain-behavior relationships. Dependening on which estimate is favored, it has been assumed that to produce the same auditory dipole moment the cortical generator may cover an area of 50 mm 2 (model I (Lü tkenhöner and Steinsträ ter, 1998)) to 1500 mm 2 (model II (Hari, 1990) ). With the mean surface area of area Te1 in our sample being ϳ560 mm 2 , model II appears to overestimate the actual dimensions of PAC while model I appears to propose more appropriate numbers.
In conclusion, our data predict that lack of understanding of intra-and interindividual variability of size, shape, and location of area Te1 may lead to structural-functional mismatch of important components of the auditory network. Since variations of both the sulcal pattern and the cytoarchitectonic borders of area Te1 are not significantly correlated, PAC cannot be reliably and precisely localized on high-resolution MR images of the temporal lobe. The probability of localizing area Te1 is higher on the surface of HG compared to the surface of the planum polare or temporale. However, the smaller the distance to the transverse sulci, the greater the probability of finding non-PAC areas. The results provide a rationale for thinking about individual variability and hemispheric asymmetry when designing morphometric and functional studies. Mapping area Te1 to a 3-D human brain has provided a stereotaxic atlas-based tool that can quantify the probability of localizing specific functional properties inside or outside of PAC. The probability maps of a cytoarchitectonic area can be used to clarify the role of variations in both cortical structure and cognitive strategy. We suggest that they represent a more valid approximation to a functionally relevant parcellation system than a gyrus-based reference space.
